Gait is a basic cognitive propositive action that has been shown to be altered in late stages of neurodegenerative dementias. Nevertheless, alterations are less clear in mild forms of dementia, and the potential use of gait analysis as a biomarker of initial cognitive decline has hitherto mostly been neglected. We here report the results of a study of gait kinematic time series for two groups of patients (Mild Cognitive Impairment and mild Alzheimer's disease) and a group of matched control subjects. Two metrics based on permutation patterns are considered, respectively measuring the complexity and irreversibility of the time series. Results indicate that kinematic disorganisation is present at early phases of cognitive impairment; in addition, they depict a rich scenario, in which some joint movements display an increased complexity and irreversibility, while others a marked decrease. Beyond their potential use as biomarkers, complexity and irreversibility metrics can open a new door towards the understanding of the role of the nervous system in gait, as well as its adaptation and compensatory mechanisms.
Introduction
The bottom panels of Fig. 4 further report the classification score in the form of ROC curves. 152 In order to obtain representative results, the classification has been performed by using half of the 153 instances (randomly drawn) for training and half for the testing; the process has been repeated 100 154 times, and the resulting ROC curves averaged. It can be appreciated that the classification with both 155 entropy and irreversibility always yield higher curves than those only considering one single metric, one corresponding to the within-subject variance, and a second one to the between-subject variance. Beta coefficient for walking speed and MCI interaction In conclusion, our study uses PE and IRR to characterise the complexity of gait kinematic time 234 series in mild cognitive decline and mild Alzheimer's dementia. We found that there is a pattern of 235 complexity measures that distinguish cognitive impaired patients from healthy subjects and impaired 236 patients with different degree of impairment. The pattern is characterised by increased complexity 237 in some joint movements and decreased complexity in others. We also show that PE and IR may be 238 complementary indices capturing different aspects of complexity in gait kinematics time series. The present study relies on kinematic data recorded for three groups of people, i.e. MCI, mAD 242 and matched control subjects. Fig. 7 • a score higher than 28 points in the MMSE test [49, 50] .
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Control subjects have a similar age and sex distribution to the groups with cognitive impairment.
283
Two subjects were discarded for orthopaedic or clinical reasons, making a final number of 87 volunteers.
284
Note that the two groups of patients do not match in number, due to the limited availability of 285 participants that fulfilled the inclusion criteria. However, the size of both cohorts is large enough to 286 support the statistical significance of our results. Additionally, group imbalance has been taken into 287 account in the classification tasks, through the execution of the same tasks on randomly shuffled data. gait cycle, we studied the time series (201 time epochs) of the 3 angular planes (sagital, horizontal and
As has exhaustively been studied, PE values close to 1 suggest the presence of stochastic (random) 333 processes; on the other hand, 0 ≤ PE < 1 implies the presence of some temporal causality in the 334 generating dynamics, as for instance of a chaotic behaviour. series will necessarily imply that π t+2 = (321) -note that a constant of 2 is added to account for the 351 embedding dimension, here fixed to D = 3. To illustrate, if s = (4, 5, 6), and hence π = (123), its 352 time reversal will necessarily be s t.r. = (6, 5, 4), thus leading to π t.r. = (321). A simple test can then 353 be designed: the time series is irreversible when p(π 123 ) is different from p(π 321 ) in a statistically 354 significant way, as the relative abundance of any of those two patterns can be used to define a preferred 355 time direction. Note that a similar argument holds for the pairs of patterns (π 213 , π 312 ) and (π 231 , π 132 ).
356
Using a similar idea, one can easily calculate the amount of irreversibility of a time series. Specifically, 357 let us consider the distributions P f = (π 123 , π 213 , π 231 ) and P b = (π 321 , π 312 , π 132 ), the latter being 358 equivalent to the former under the operation of time reversal. The more P f and P b differ, the more 359 clear is the irreversibility of the time series. This can easily be quantified through the Kullback-Leibler 360 divergence:
Values of D KL close to zero indicate that the time series is reversible; on the other hand, the higher 362 is D KL , the more irreversible the time series is. uni-variate study 365 We estimated the mean difference in the permutation entropy and the amount of irreversibility 366 of the kinematic joint time series between groups (using healthy subjects as reference) by means of 367 mixed effect models. We considered subjects and side nested on subject as random intercept. As fixed 368 effects, we included group according to cognitive performance, age, normalised walking speed and 369 the interaction of normalised walking speed and the cognitive group. This analysis was performed by 370 package lmer in R. We used beta coefficients for fixed effects as effect statistics, and their 95%CI were 371 calculated by means of parametric bootstrapping. 
